formula (OR 0.050, 95% CI 0.022-0.077; p < 0.001). Each SD increment of copeptin independently predicted incident CKD_60 MDRD (OR 1.19, 95% CI 1.04-1.36; p = 0.010), CKD_45 MDRD (OR 1.33, 95% CI 1.04-1.71; p = 0.026) and CKD_30 MDRD (OR 3.69, 95% CI 1.41-9.66; p = 0.008). The relationship between copeptin and CKD defined by CKD-EPI gave similar results. Conclusion: Our data suggest that increased levels of copeptin independently predict decline in eGFR and greater risk of new-onset CKD.
Introduction
Arginine vasopressin (AVP) is a peptide released in response to increased plasma osmolality or decreased blood pressure. It is released from the posterior pituitary gland and exerts antidiuresis by acting on the vasopressin 2 receptors (V2R) in the renal tubules [1] . AVP is an unstable peptide, both in vivo and ex vivo, and has a short half-life of 5-20 min [2] , which requires complicated handling when sampling a patient's blood. When AVP is produced, the precursor protein leaves a cleavage product as its Cterminal part termed copeptin, which is expressed in a 1: 1
Key Words
Chronic kidney disease · Copeptin · Estimated glomerular filtration rate · Epidemiology Abstract Background: Our aim was to test if plasma copeptin, a stable surrogate marker of arginine vasopressin, predicts decline of glomerular filtration rate (GFR) and risk of chronic kidney disease (CKD). Methods: We measured copeptin and renal function at the Malmö Diet and Cancer Cardiovascular Cohort baseline exam and reassessed renal function after a followup time of 16.6 ± 1.5 years (n = 3,186). Furthermore, we defined CKD based on an estimated GFR (eGFR) calculated by the Modification of Diet in Renal Disease (MDRD) <60 (CKD_60 MDRD ), <45 (CKD_45 MDRD ) and <30 (CKD_30 MDRD ) ml/ min/1.73 m 2 . Results: After multivariate adjustment (gender, age, baseline eGFR, smoking status, systolic blood pressure, antihypertensive treatment and follow-up time), copeptin (beta-coefficient per 1 SD increment of copeptin) was independently associated with significantly greater annual decline of eGFR (ml/min/1.73 m 2 ) according to the MDRD formula (OR 0.057, 95% CI 0.022-0.093; p = 0.001) as well as according to the CKD Epidemiology Collaboration (CKD-EPI) ratio with AVP. Copeptin is a more stable molecule in plasma and is eliminated partially by renal excretion. It can therefore be used as a surrogate marker of AVP. An overactivation of the AVP system, measured as elevated copeptin levels in plasma, has been linked to cardiometabolic risk factors [3, 4] and the ability to predict development of type 2 diabetes independent of known diabetes risk factors [5, 6] . In experimental studies performed on rodent models of diabetes mellitus, results have shown that infusion of AVP induces hypertension, glomerular hyperfiltration, albuminuria and glomerulosclerosis [7] thus suggesting a role of AVP in the pathogenesis of deterioration of renal function. In line with these findings, it was found that elevated levels of copeptin at baseline were associated with greater decline in estimated glomerular filtration rate (eGFR) in patients with type 2 diabetes during long-term follow-up [8] as well as with the renal end point of doubling of plasma creatinine in patients with both type 2 diabetes and albuminuria [9] . In addition, in type 2 diabetes patients treated in primary healthcare, increased levels of copeptin were associated with elevated risk of cardiovascular and all-cause mortality [10] , findings in line with 2 of our own previous studies showing strong independent association between copeptin and cardiovascular morbidity and mortality, especially in patients with diabetes [11, 12] . In healthy kidney donors, eGFR decreased significantly following donation but copeptin remained unchanged, suggesting that AVP, as measured by copeptin, may in fact be causally related to the decline of eGFR rather than just being a small molecule marker of eGFR [13] . Here, we investigated if copeptin independently predicts decline of eGFR and development of chronic kidney disease (CKD) in a large population-based study.
Methods
The population for our study is derived from the populationbased Malmö Diet and Cancer Study (MDCS). During 1991-1996, a total number of 28,098 people born between 1923-1945 and 1923-1950 participated in the baseline examination. All the study protocols were approved by the regional Ethics Committee of Lund University and all the participants provided written informed consent. A random number of 6,103 subjects participated in additional examinations to study the epidemiology of carotid artery disease with ultrasonography of carotid arteries, with a special interest in intima media thickness within the MDCS Cardiovascular Cohort (MDCS-CC) [14] . Out of these subjects, 5,400 people came fasting to also provide fasting blood samples. From the total of 5,400 subjects who donated fasting blood, we were able to determine copeptin in 5,252 subjects. Between 2007 and 2012 (mean follow-up time 16.6 ± 1.5 years), 3,186 out of the 5,252 individuals in the MDCS-CC were re-examined including a determination of eGFR. These were the subjects used in our study.
At the re-examination, new blood samples were taken including creatinine and cystatin C as well as height and weight were measured. Copeptin at baseline was measured in plasma samples that had been stored in -80 ° C. Plasma level of copeptin was then related to development of CKD. We calculated eGFR based on both the Modification of Diet in Renal Disease (MDRD) formula and the CKD Epidemiology Collaboration (CKD-EPI) formula, as detailed below. Also, copeptin was related to the continuous decline in eGFR over time, calculated as eGFR during baseline subtracted from eGFR during follow-up and divided by the follow-up time in years (i.e., annual decline of eGFR in ml/min/1.73 m 2 ).
Clinical Examination and Assays
Participants underwent a registration of medical history, a physical examination and laboratory assessment. The participants' weight (kg) and height (cm) were measured by trained nurses. Blood pressure (mm Hg) was measured using an oscillometric device twice after 10 min of rest in the supine position. Cigarette smoking was elicited by a self-administered questionnaire, with current cigarette smoking defined as any use within the past year. Diabetes mellitus was defined as fasting plasma glucose of ≥ 7.0 mmol/l, a self-reported physician diagnosis of diabetes or use of anti-diabetic medication. Measurement of fasting serum total cholesterol, HDL cholesterol, triglycerides, creatinine and cystatin C was made according to standard procedures at the Department of Clinical Chemistry, Skåne University Hospital, Malmö. Plasma creatinine was analyzed with the Jaffé method and traceable to the International Standardization with isotope dilution mass spectrometry. The same technique was used for measuring plasma creatinine at baseline and at the follow-up. Plasma cystatin C was measured using a particle-enhanced immunonephelometric assay (N Latex Cystatin; Dade Behring, Deerfield, Illinois) at baseline and follow-up. The values of cystatin C were not standardized because they were analyzed before the introduction of the world calibrator in 2010. The reference value for the method was 0.53-0.95 mg/l. eGFR was calculated from the MDRD formula for creatinine [15] and from the CKD-EPI formula for both creatinine and cystatin C [16] . LDL cholesterol was calculated according to Friedewald's formula. We measured copeptin in fasted EDTA plasma using a commercially available assay in the chemiluminescence/coated tube format (B.R.A.H.M.S. AG, Hennigsdorf, Germany) as described previously [1] .
Decline of eGFR Over Time and Incidence of CKD
Subjects were followed up until re-examination in 2007-2012 regarding decline of eGFR and new-onset of CKD, during a mean follow-up time of 16.6 ± 1.5 years. The change of eGFR was calculated by subtracting the follow-up values of eGFR from the baseline values (eGFR at baseline -eGFR at follow-up) and dividing it by the follow-up time in years (annual decline of eGFR in ml/min/1.73 m 2 ). Incident CKD was defined by the use of 3 different cutoff levels of eGFR. When defining the CKD end point as eGFR <60 ml/min/1.73 m 2 (CKD_60), subjects having prevalent CKD_60 at baseline were excluded. Similarly, in analyses of CKD end points defined as eGFR <45 (CKD_45) and 30 (CKD_30) ml/min/1.73 m 2 , subjects with prevalent CKD_45 and CKD_30, respectively, were excluded. Our primary analysis was made using the MDRD formula (CKD_60 MDRD 24 and CKD_30 MDRD , respectively), but we also used the CKD-EPI formula of eGFR (CKD_60 CKD-EPI , CKD_45 CKD-EPI and CKD_30 CKD-EPI , respectively).
Statistical Methods
The distribution of copeptin was skewed to the right and therefore transformed using the natural logarithm. Copeptin was related to the decline in eGFR using multivariate adjusted linear regression models and to the risk of developing incident CKD by use of multivariate adjusted logistic regression. All models were adjusted for baseline level of eGFR, age, gender, systolic blood pressure, antihypertensive therapy, smoking, diabetes, LDL cholesterol, HDL cholesterol and follow-up time. Continuous variables are shown as means ± SD if normally distributed and as medians and interquartile range if skewed. Categorical variables are shown as numbers and percentages. SPSS statistical software version 22.0 (SPSS Inc., Chicago, Ill., USA) was used for all calculations. A 2-sided p value of <0.05 was considered statistically significant.
Results
The baseline characteristics of the study are listed in table 1. Each SD increment of copeptin was associated with significantly greater annual decline of eGFR according to the MDRD formula (OR 0.057, 95% CI 0.022-0.093; p = 0.001) and according to the CKD-EPI formula (OR 0.050, 95% CI 0.022-0.077; p < 0.001; table 2 ). When fig. 1 ), with a significant trend over quintiles (p = 0.009). Similarly, Q5 had a significantly increased risk of developing CKD_45 CKD-EPI compared to the reference quintile ( table 4 ) , with a significant trend over quintiles (p = 0.028). Furthermore, there was a significantly increased trend over quintiles in relation to incidence of CKD_30 CKD-EPI (p = 0.035), and the highest quintile group (Q5) had a borderline significantly increased risk of developing CKD_30 CKD-EPI compared to the reference quintile ( table 4 ; online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/ doi/10.1159/000447522).
A sensitivity analysis, using the CKD-EPI formula, was performed near the studied threshold. Subjects with an eGFR >65 ml/min/1.73 m 2 at baseline were incorporated when studying eGFR <60, <45 and <30 ml/min/1.73 m 2 as end points (online suppl. 
Discussion
The key finding in our study is that in an unselected urban population, copeptin independently predicts development of new-onset CKD and a faster decline in eGFR over time. The risk of CKD_60 MDRD in the top quintile of copeptin was doubled compared to the reference quintile. Importantly, our results are in concordance with a recently published French community-based study, which also found high copeptin levels to be predictive of new onset CKD [17] . We thus replicate and extend those findings to be valid in a Northern European population.
Even though elevation of AVP, measured by copeptin, predicted CKD and decline of eGFR independent of all conventional risk factors in our general population, it is unknown if the associations that we found are causal. However in the literature, there is some evidence derived from animal studies and human intervention studies of patients suggesting that high AVP may in fact be causally related to impaired renal function. In animal studies, infusion of V2R agonists in rats has been linked to increased mortality and proteinuria [7] . In addition, in rat model of type 1 diabetes, V2R antagonists have been shown to have beneficial effects on renal function [18] . Also, in Brattleboro rats lacking AVP expression that were only partially nephrectomized, CKD was less likely to develop [7] . Furthermore, in the same rat model, a 3-fold increase in water intake ameliorated proteinuria and glomerulosclerosis [19] indicating that water-induced suppression of AVP may be of renal protective importance. However, human subjects of the general population have not been examined in intervention studies. A study of tolvaptan blockade in patients with adult polycystic kidney disease [20] found that blockade of the V2R by administration of tolvaptan results in a slower progress of cyst growth, reduced decline in eGFR and reduced change in total kidney volume compared with the control group. Lastly, the significant annual decline in eGFR argues against that copeptin is solely a filtration marker since the relationship between copeptin versus eGFR is very similar when adjusted for baseline eGFR as well as without the adjustment. If anything, the adjusted relationship between copeptin and GFR decline is stronger than the crude one.
Based on the studies and findings mentioned, one can speculate that elevation of AVP plays a role in the development of CKD, presumably through an effect on the V2R. Thus, increased water intake or pharmacological vasopressin blockade are interesting candidates for preventing the decline of eGFR and development of CKD.
Elevation of copeptin has previously been associated with faster decline of eGFR in a high-risk population for CKD, that is, patients with type 2 diabetes [8] . Together with the recent data from a general French population [17] , the current study extends the prior findings in patients with type 2 diabetes to be valid in a general population and include prediction of incident CKD. We suggest that copeptin may identify high-risk individuals for CKD beyond well-known risk groups such as diabetes patients. In such patients, screening for microalbuminuria and eGFR is obligatory and usually initiated early. The current findings, on the other hand, highlight the potential value of screening for elevated CKD risk in the general population, in the interest of targeted primary prevention offered to subjects of the general population at high risk of CKD. As we have previously shown that copeptin is related both to incidence of diabetes and to hypertension, we find it likely that part of the association between copeptin and CKD is mediated by new onset hypertension [4] and diabetes [3] . A more intense screening program with frequent measurements of renal function, and possibly more aggressive treatment of hypertension, may be motivated in a population with elevated values of copeptin, in order to prevent CKD.
As expected, the results regarding incident CKD differed depending on the cutoff level and formula used. The MDRD equation was developed using data from patients with an average measured eGFR of 40 ml/ min/1.73 m 2 which makes this formula less suitable for individuals with a eGFR >60 ml/min/1.73 m 2 where it underestimates the true GFR. The formula was used in the calculations even though the population was healthy as it increases the accuracy of the results in those who developed CKD. On the other hand, the CKD-EPI equation was developed from a population that resembles the general population with a mean GFR of 68 ml/ min/1.73 m 2 . In any case, the continuous decline of eGFR was significantly higher for both MDRD and CKD-EPI equations in relation to baseline levels of copeptin. Quintile analyses showed similar trends for both eGFR formulas. We believe that part of the crude relationship between copeptin and eGFR is explained by the fact that copeptin is renally excreted. However, we adjusted for baseline level of eGFR in order to extract the proportion of variance in copeptin which explains decline in eGFR independently of baseline eGFR. We have emphasized that the known correlation between copeptin and eGFR is partially explained by copeptin being renally excreted.
There are some limitations of this study to acknowledge. First, the MDCS-CC had a participation rate of only 40% and can thus be assumed to consist of healthier individuals than the general population. In addition, only those who survived until the re-examination 16.6 years after the baseline examination had the follow-up determination of renal function performed and this likely further amplifies the healthy cohort effect. Secondly, details of cofounding variables such as dietary, salt and water intake are not available. Furthermore, we do not have data on albuminuria that is required for the diagnosis of CKD stages 1 and 2.
In conclusion, our data suggest that in a middle-aged population with eGFR >60 ml/min/1.73 m 2 at baseline, increased levels of copeptin independently predict decline in eGFR and a greater risk of reaching impaired eGFR de novo, as part of the definition of CKD (eGFR <60 ml/min/1.73 m 2 ). Furthermore, our data suggest that copeptin can be used to identify high-risk individuals for CKD development in order to offer early preventive strategies.
